The HLA molecules are membrane-bound transporters that carry peptides from the cytoplasm to the cell surface for surveillance by circulating T lymphocytes. Although low levels of soluble HLA molecules (sHLA) are normally released into the blood, many types of tumor cells release larger amounts of these sHLA molecules, presumably to counter immune surveillance by T cells. Here we demonstrate that these sHLA molecules are still bound with their authentic peptide repertoires, similar to those of the membranal HLA molecules (mHLA). Therefore, a single immunoaffinity purification of the plasma sHLA molecules, starting with a few milliliters of patients' blood, allows for identification of very large sHLA peptidomes by mass spectrometry, forming a foundation for development of a simple and universal blood-based cancer diagnosis. The new methodology was validated using plasma and tumor cells of multiple-myeloma and leukemia patients, plasma of healthy controls, and with cultured cancer cells. The analyses identified thousands of sHLA peptides, including some cancer-related peptides, present among the sHLA peptidomes of the cancer patients. Furthermore, because the HLA peptides are the degradation products of the cellular proteins, this sHLA peptidomics approach opens the way for investigation of the patterns of protein synthesis and degradation within the tumor cells.
INTRODUCTION
Identification of serum biomarkers for diseases, such as cancer and autoimmunity is one of the major goals of modern proteomics. Because proteins released from live or dying cancer cells are readily degraded or cleared from the serum, the degradation products of these proteins attract significant attention as peptide serum biomarkers (1) . However, because small peptides are unstable in the serum, the search for disease-specific serum markers was redirected to peptides adsorbed to the "molecular sponge" serum albumin, known to carry with it a variety of peptides (2, 3) . "Immuno-MS" of serum albumin with its adsorbed peptides was thus proposed as a potentially promising alternative for separation of subsets of peptides from human sera for analysis by MALDI-MS (1, 4, 5) . However, serum albumin nonspecifically adsorbs many peptides and small molecules, which are not necessarily derived from the cancer cells.
The HLA class I molecules transport peptides to the cell surface after degradation of their proteins of origin. These HLA peptidomes include a diversity of peptides, derived from both normal and abnormal proteins expressed in the cells. Thus, the HLA peptidomes were studied mostly in order to identify cancer specific peptides, for development of tumor immunotherapeutics (6, 7) and as a source of information about the protein synthesis and degradation schemes within the cancer cells (8) .
It has been known for a while that the levels of the soluble HLA class I molecules (sHLA-I) are elevated in the serum of people inflicted with diseases, such as cancer (9) (10) (11) (12) (13) , autoimmunity (14) , allergy (15) , and viral infections (16) . Such elevated levels of sHLA were even proposed to serve as indicators of poor prognosis (11, 17) , yet their bound peptidomes have never been analyzed before. We postulated that if indeed a significant portion of the plasma sHLA molecules are actually released from the diseased cells, and if these molecules carry with them their original peptide cargo, then analysis of the sHLA peptidomes may provide useful information about the tumor cells and an ideal source for disease biomarkers, serving as a high-sensitivity diagnostics for diseases, such as cancer.
Here we describe a pilot study aimed at confirming the feasibility of analysis of the plasma sHLA peptidomes as useful approach for identification of cancer biomarkers. This notion is based on our finding that in cancer patients, the sHLA peptidomes are similar to the membranal HLA (mHLA) peptidomes. The sHLA-peptidomes were collected from fresh plasma of multiple myeloma (MM) and leukemia [acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL)] patients, as well as from healthy controls, using single-step immunoaffinity purification, followed by identification of the bound peptides by microcapillary chromatography combined with tandem mass spectrometry ( LC-MS/MS).
Peptide
Concentration and Purification. Recovered peptides mixtures (after the ultrafiltration) were concentrated by Micro-Tip reversed-phase columns (C18, 200 ?L, Harvard Apparatus). The C18 tips were washed with 80% acetonitrile in 0.1% TFA, equilibrated with 0.1% TFA, and then loaded with the peptide mix. The tip was then washed by an additional 0.1% TFA volume and the peptides were eluted with 80% acetonitrile in 0.1% TFA. Peptides samples were then concentrated to about 18 ?L using vacuum centrifugation.
Analysis by Capillary Chromatography and Mass Spectrometry. Recovered HLA peptides were analyzed by ?LC-MS/MS using an OrbitrapXL mass spectrometer (Thermo-Fisher) fitted with a capillary HPLC (Eksigent). The peptides were resolved by reversed-phase chromatography on 0.075 × 200-mm fused silica capillaries (J&W) self-packed with Reprosil C18 (Maisch, GmbH, Germany) (38) . The peptides were eluted at flow rates of 0.25 ?L/ min, with linear gradients of 5-45% acetonitrile and 0.1% formic acid, during 90 min, followed by 15 min at 95% of acetonitrile and 0.1% formic acid. Spectra were collected in the orbitrap mass analyzer using full ion scan mode over the m/z range 400-2,000, set at 60,000 resolutions. The most intense seven masses from each full mass spectrum, with singly, doubly, and triply charge states, were selected for fragmentation by collision-induced disintegration in the linear ion-trap.
Database Searches. Pep-Miner (39) was used for peak-list generation of the ?LC-MS/MS data. The peaks were identified using multiple search engines: Pep-Miner, Proteome Discoverer 1.0 SP1 (Thermo) combining the search results of Sequest (Thermo-Fisher) (40) Tables S2-S4 and S7 were filtered as followed: Pep-Miner score of above 85 and a Mascot score above 20 and a Sequest Xcorr above 2 and delta-CN below 0.1, mass below 1,350 Da, and mass accuracy of 0.003 Da. These search filtration parameters were set to achieve a false discovery rate for the HLA peptides of 0.05 using a randomized sequence databank as a decoy.
HLA Peptides Report. The peptides identifications based on the MS/MS data were combined into a final report, which also contained the fitness score for the consensus binding motifs for each of the HLA alleles, according to http://www-bimas.cit.nih.gov/molbio/hla_bind/ (42), the normalization of the retention times of the different MS spectra and the peak areas calculations. As expected, some peptide identities remained inconclusive even though their masses were determined at accuracies better than 3 mDa (for example, peptides NLSDQILQV and VQNDTLLQV from cluster number 43026 in Table S2 ). In order not to omit from the list potentially important peptides, all the different peptide sequences that fit the same observed mass and the same MS/MS fragmentation patterns are included in the list.
The retention times of all the HPLC runs were normalized to a reference run. First, the MS/MS spectra of two runs were clustered by spectrum similarity, whereas all spectra in a resulting cluster are assumed to be derived from the same peptide (39) , and only clusters that include at least one spectrum from each run were normalized. Each MS/MS spectrum was mapped to the MS peak that contained its precursor ion. The retention time of the peak was used rather than the MS/MS retention time, which is in an arbitrary time point along the peak. Then the two vectors of retention times were normalized using a linear fit.
Peak masses were calibrated using the 445.1200 Da polydimethylcyclosiloxanes ion (43) . Peak envelopes were identified in the three-dimensional MS space (time × mass × intensity). Mass/charge (m/z) signals that appear in adjacent MS scans and did not differ from each other by more than 0.005 Da were used for calculating the peak volume, which was the sum of intensities of the m/z that were at least 30% as high as the largest m/z in the peak envelope.
Measurement of Similarities Between HLA Peptidomes. The purpose of this measurement was to assess the degree of similarity between two HLA peptidomes, analyzed by independent ?LC-MS/MS runs. The similarity was based on matching pairs of related ?LC-MS peaks that belong to the same peptides in the two runs. In order to take into consideration only peptides, and not contaminants, peaks, in which at least one MS/MS spectrum was identified by Pep-Miner, with score of at least 70, were included. Peaks that could be paired with the identified peaks, in terms of mass (mass difference of up to 5 ppm) and normalized retention time (difference of up to 0.25 min), were included, even if they were not identified or fragmented.
Gene ontology analysis was done by the PANTHER Classification System. For each donor, the peptidome containing the largest number of identified HLA peptides was selected for this analysis.
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RESULTS
Isolation and Analysis of the Plasma sHLA Molecules. After immunoaffinity purification of the intact sHLA complexes, with their bound peptide cargo, using 2-5 mL of human plasma, the eluted peptides were identified by ?LC-MS/MS with an Orbitrap mass spectrometer (shown schematically in Fig. 1 ). The sHLA molecules, isolated from the plasma of the MM and AML and ALL leukemia patients and of the healthy controls (Table S1 ), were detected as the three expected molecular forms known to be released from human cells ( Fig. 2A ): a 35-kDa form, corresponding to the extracellular part of the HLA molecules, released by metalloproteases present at the cells' membrane (18, 19) ; a 39-kDa alternative spliced form, lacking its transmembrane domain (20) ; and a 43-kDa intact molecule, pinched off the cells with fragments of the membrane (21) . The same three forms of sHLA molecules were also found to be secreted spontaneously from the three studied MM cell lines and were purified from the growth medium of the cells (Fig. 2B ). As expected, only the full-size form of the HLA molecules (43 kDa) was observed in the mHLA preparations, from both the tumor cells and from MM cell lines (Fig.  2B) .
Analysis of the Plasma sHLA Peptidomes. Because the sHLA molecules were purified by the pan-HLA A, B, and C monoclonal antibody (W6/32), which binds only the native HLA-peptide complexes, we assumed that all of these forms are loaded with peptides and therefore contribute to the detected sHLA peptidomes. Indeed, the few micrograms of isolated sHLA molecules were sufficient for identification of hundreds to thousands sHLA peptides in each analysis (examples in Table 1 and larger lists in Tables S2-S4 ).
The identified sHLA peptides from the plasma samples (above 12,000 in this study) were filtered according to the degree of confidence in their identification scores by the differ e n t s o f t w a r e t o ols (Pep-Miner, Sequest, and Mascot) and by the accuracy of the peptides mass measurements. We separated the peptides into two main groups according to the levels of "certainty" in the identifications. The high-certainty-identified HLA peptides were used for matching the peptides sequence to the consensus binding motifs of the different HLA haplotypes, and to search for cancer-related peptides. The identified "intermediate-certainty" HLA peptides are not listed, and their MS signals were used, in addition to the "high-certainty," for correlation of signal intensities of sHLA peptidomes where the absolute identifications are not essential. Table S2 lists the subset of high-certainty sHLA peptides, along with their ?LC-MS/MS signal intensities, normalized retention times, identification scores, and fitness to HLA consensus binding motifs. Most of the identified peptides seem to be authentic HLA ligands, because their amino acid sequences fit the consensus binding motifs of the blood donors' HLA (HLA A, B, and C, examples in Table 2 ). For example, the HLA haplotype of blood donor healthy 1 and healthy 6 are known (Table 2 and  Table S1 ) each with his unique consensus binding motifs. Therefore, the high-certainty plasma sHLA peptides identified in these samples could be divided according to their fitness to the binding motif of their alleles. After removing from the list the known contaminating plasma-related peptides (described below), the remaining 98% of the high-certainty sHLA peptides of healthy 1 and of healthy 6 fit the consensus binding motifs of each of their alleles (summarized in Table 2 ). For example, the consensus binding motifs of one of the alleles of AML-1 and healthy 4 are not known, and therefore 1 2 -1 3 % o f t h e i r h i g h -c e r t a i n t y -i d e n t i f i e d peptides could not be assigned. As expected, the sHLA peptidomes of people with more unknown HLA consensus binding motifs contain even larger numbers of unassigned peptides. This analysis confirms that indeed the immunoaffinity purifications specifically enrich the sHLA peptidomes out of the highly complex protein-rich plasma.
Our sHLA peptidome preparations were contaminated to variable degrees by peptides derived from blood clotting and plasma proteins. Such peptides pose a problem only if they obscure the ?LC-MS/MS signals of the authentic sHLA peptides. These peptides were easily singled out, because they did not fit the normal sizes of HLA peptides and they originate from known plasma proteins (examples in Table  S5 ). To reduce the contamination of the sHLA peptidomes by these peptides, protease inhibitors were added to the plasma immediately after separating it from cells and platelets, and their levels were further reduced by an extra wash with nonionic detergents added to the immunoaffinity HLA-A26 13 A01
HLA-B07 8 B07
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Unassigned motif (HLA-Cw12, HLA-Cw15) 43
Soluble HLA and the Membranal HLA Peptidomes of Cancer Cells Are Similar. The sHLA and the mHLA peptidomes were compared after purifying the mHLA molecules by detergent solubilization of the cancer cells. First, the mHLA and the sHLA peptidomes, spontaneously secreted from three MM cultured cells, were compared (L363, RPMI8226, and U266) (Tables S6 and S7 ). Up to 40% of the sHLA peptides were detected also among the mHLA peptidomes of these cultured cells and the LC-MS signal intensities of the shared peptides of these sHLA and mHLA peptidomes were correlated (Fig. S1 ). Each point in Fig. S1 (and Figs. 3??-6) indicates the normalized signal intensities of the shared peptides, detected in the different sHLA peptidomes. Both high-certainty (?) and intermediate-certainty peptides (+) were spread across the observed dynamic range of four orders of signal intensities. Next, the plasma sHLA peptidomes of leukemia patients were compared to the mHLA peptidomes isolated from each patient's tumor cells, both obtained from one blood sample. Indeed, in advanced diseases, such as AML and ALL, up to 86% of the plasma sHLA peptides were detected also in the mHLA peptidomes of the patient's tumor cells, and the LC-MS signal intensities of the shared peptides were also well correlated (Fig. 3 , Table 3 and Table S3 ). These results strengthen our hypothesis that the plasma sHLA peptidome represents significantly the mHLA peptidome of the cancer cells. plasma, included p e p t i d e s d e r i v e d f r o m c a n c e r -r e l a t e d p r o t e i n s , including tumor testis antigens, embryonic cancer antigens, and products of known tumor associated proteins (selected examples in Table 1 ). The listed putative tumor antigens are provided only as a proof of the concept, demonstrating that cancer-related peptides can be identified within the sHLA peptidomes of the patients. The sHLA peptidomes of cultured cancer cells contain also many more antigens that can be defined as cancer related according to the above criteria (Table S7 ). Yet, their potential as clinically useful immunotherapeutics or biomarkers is not clear.
Cancer

Similar sHLA Peptidomes Were Observed in the Plasma Collected from the Peripheral Blood and from the Bone Marrow of Each Patient.
The plasma sHLA peptidomes of the bone marrow and of the peripheral blood samples of MM and ALL patients were compared. Up to 89% of the bone-marrow-derived plasma sHLA peptides were detected also in the plasma sHLA peptidomes of the peripheral blood, and their LC-MS signal intensities had strong correlation (Fig. 4 , Table 3, and Table S2 ). These results indicate that sHLA molecules can provide useful information about the tumor microenvironment, because they circulate freely to the periphery where they can be easily collected.
Similar sHLA Peptidomes Are Detected in the Plasma of the Same Person Collected on Different
Days. The reproducibility of the recovered sHLA peptidomes was tested to assess the potential of this approach for biomarkers discovery. Indeed, very strong similarities between these peptidomes, with up to 91% identity in the identified peptides and similar signal intensities, were observed (Fig. 5, Table 3 , and Table  S4 ).
Significantly, the similarities between the sHLA peptidomes collected on separate days (Fig. 5 A and (Fig. 6 and Table S8 ). For example, as many as 1,531 identical peptides were observed in the peptidomes of AML-1 (out of total of 2,149 peptides) and healthy 1 (out of total of 2,070 peptides) sharing the alleles HLA-B35 and HLA-Cw4 (Fig. 6A and Table S8 ). In contrast, AML-1 and healthy 4 (total 2,020 peptides), with no shared HLA alleles, had only 278 identical peptides (Fig. 6B and Table S8 ).
DISCUSSION
Immunoaffinity of the sHLA molecules with their bound peptides provides at least five orders of magnitude enrichment of the serum biomarkers. It bypasses the inherent difficulty associated with detection of cancer proteins or peptides present at diminishingly small concentrations in the otherwise protein-rich plasma. The sHLA molecules carry defined sets of peptides, largely derived from the cancer cells. This is in contrast to the nonspecific binding of peptides to the serum albumin (2, 3), previously suggested for analysis of its adsorbed peptides as a source for cancer biomarkers (1).
Because both the healthy and the diseased cells in the body release sHLA molecules, it is expected that, as the tumor loads of the patients' increase, larger fractions of the plasma sHLA peptidomes will originate from the tumor cells. (23) . However, the contributions of the diseased cells to the sHLA peptidomes are expected to vary not only according to the tumor size, but also according to its type and propensity to release sHLA to the circulation. Indeed, in advanced diseases, such as the AML and ALL studied here, where large numbers of cancer cells were present in the blood, large similarities of up to 86% were also observed between the cancer cells' mHLA and the plasma sHLA peptidomes of the same patients.
Obviously, such comparisons between patients' plasma sHLA peptidomes and membrane HLA peptidomes of the cancer cells could be performed only with blood samples of advanced disease patients, containing very large numbers of cancer cells, and not with the healthy controls. The relatively small amounts of sHLA molecules, present in the plasma of healthy people, originate most likely from various tissues, which could not be sampled for these comparisons. Many types of cultured cells also maintain this propensity to release large amounts of sHLA molecules to their growth medium. Indeed when the mHLA and sHLA peptidomes of the human cancer cultured cells were compared, they resulted in similar peptidomes.
The current study also provides a unique point of view on the biology of the tumor cells within the body, their interaction with the immune system and with their microenvironment. The patients' cancer cells HLA peptidome are continuously scrutinized by the immune system, which unfortunately fails too often to eradicate the disease. An escape mechanism from immune surveillance by antitumor lymphocytes (T and NK cells) was already attributed to the presence of elevated levels of sHLA (24) (25) (26) (27) (28) (reviewed in refs. 21, 23) , and the method described here may help identify the peptides involved with this escape mechanism.
Cancer cells are thought to express and rapidly degrade many short-lived proteins and defective ribosome products. Therefore, their HLA peptidomes are thought to be largely derived from such rapidly turning-over cellular proteins (29) . These proteins are often too short lived to be detected in the cancer tissues by regular proteomics methodologies, but may become detectable through their proteolysis products, namely the HLA peptides (30) . No major differences in the GO analysis results were observed between the sHLA of the healthy controls and of the cancer patients and between the membranal and the soluble HLA peptidomes (Fig.  S2) . These results are actually expected, because the HLA peptidomes contain large numbers of different peptides, derived from most of the cellular proteome and the cancer-related peptides are present only in small numbers, even among the diseased people's HLA peptidomes, and even these are distributed among different GO groups.
The sHLA peptidome analyses resulted in the identification of thousands of peptides, among them some potential disease biomarkers. Selected subsets of disease associated HLA peptides should be derived from known cancer-related proteins, expressed exclusively, or in larger amounts, in the cancer cells and not in healthy tissues. Yet, due to the large polymorphism of the HLA haplotypes, confirmation that selected sHLA peptides may indeed serve as cancer biomarkers can be achieved only after analysis of the sHLA peptidomes from hundreds or even thousands of cancer patients and compared to healthy controls. Measurement of similarity between LC-MS/MS analyses. The percentage of similarity is the number of the shared peptides, out of the sHLA peptidome, between sHLA and mHLA peptidomes (A), the shared peptides, out of the bone marrow sHLA peptidome, between the plasma sHLA-peptidomes from blood and from bone marrow (B), and for the reproducibility assay, the number of shared pairs divided by the sum of shared pairs and the peaks that could not be paired (C).
Donor
Peptides Most commonly studied tumor antigens are the tumor testis antigens, embryonic cancer antigens, products of known tumor associated proteins, and others (31, 32) (a few examples in Table 1 ). Examples for such peptides observed in this study include GTPAGGGFPR from Butyrate response factor 1 (TIS11b), which is known to induced myeloid cell proliferation in response to granulocyte colony-stimulating factor and to be fused with AML-1 in leukemic cells (33, 34) . Another example is the peptide SVSNVVITK, derived from epidermal growth factor receptor pathway substrate 15 (EPS15), which is often found fused with MLL gene in different leukemia (35) . In addition, out-of-context expressed antigens, such as peptides derived from testis antigens, such as a the peptide YPFIIDAHL derived from testis-expressed sequence 10 protein, detected in the sHLA peptidome of a female cancer patient and in the sHLA peptidome of a healthy male, are yet another group of potential biomarkers. Furthermore, even peptides normally found in the sHLA peptidomes of healthy people can become useful disease biomarkers if their levels are significantly elevated. The detection of numerous cancer-related sHLA peptides, released by cultured cancer cells (Table S7) , is assumed to be caused merely due to the prolonged "life-in-plastic" of the cultured cell lines, which leads to expression of many aberrant antigens, likely of no medical significance, because they are not expressed in the authentic tumors. Thus, in the future, the identification of sHLA cancer-related antigens from the plasma of cancer patients may even provide candidate antigens for development of immunotherapeutics.
The strong similarities between sHLA peptidomes, taken on separate days from the same donors (both in the repertoires of the identified peptides and in their relative LC-MS signal intensities) point to the reproducibility of the technology, thus raising confidence in its potential usefulness for clinical uses ( Fig. 5 and Table S4 ). Another level of knowledge about the individual sHLA peptidome may be provided by tissue typing of their HLA haplotypes (defining the repertoire of each person HLA alleles). Although the HLA alleles of the human population are very polymorphic, many of the alleles can be grouped into several supertypes according to their common consensus peptide binding motifs (recently updated in ref. 22 ). Thus, specific HLA peptides may be compared between patients and healthy controls harboring HLA alleles belonging to the same supertypes. Indeed, in this study, the HLA peptidomes of the different donors fitted subsets of HLA supertypes, which were later confirmed by tissue typing, to include the donors' HLA alleles (examples in Table 2 ).
Because the analysis of sHLA peptidomes is relatively rapid and simple, selected cancer-related sHLA peptides may be used for designing patient specific immunotherapeutics and as a potential source for surrogate disease biomarkers. The sHLA peptidome data may even be used for personalizing the treatments, by exploiting the vast information content available in the patients' sHLA peptidomes. In the future, healthy individuals may prefer to define their "normal" sHLA peptidomes, to be followed by periodical analyses aimed at detecting the telltale changes associated with the onset of diseases. Mass spectrometry analysis is becoming less expensive and time consuming, with potential to be transformed into more routine clinical diagnosis tool. Yet, as sHLA peptidome analyses will become more commonplace, new technologies and instrumentations will be needed to reduce the processing time and to increase sensitivity. Future diagnosis based on sHLA peptidomics may also rely on protein arrays, composed of recombinant T cell receptors (TCR) (36) or TCR-like antibodies (37) . Such arrays, specific to selected sHLA-peptide complexes, can provide a higher throughput and a lower cost alternative to mass spectrometry.
It can be concluded that the plasma sHLA peptidomics approach described here provides a source of information about the tumor cells within the human body, possibly even as rich in its information content as cancer transcriptomics, proteomics, or metabolomics. It establishes a foundation for a unique diagnostic approach for diseases such as cancer, autoimmunity, allergy, and viral diseases. Yet, it is expected that the ultimate clinical validation of sHLA peptides as useful tumor biomarkers will only be possible after analyses of sHLA peptidomes of large cohorts of patients and healthy controls.
